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a b s t r a c t
The statistical temporal scales involved in inertia particle dispersion are analyzed
numerically. The numerical method of large eddy simulation, solving a filtered
Navier–Stokes equation, is utilized to calculate fully developed turbulent channel flows
with Reynolds numbers of 180 and 640, and the particle Lagrangian trajectory method
is employed to track inertia particles released into the flow fields. The Lagrangian and
Eulerian temporal scales are obtained statistically for fluid tracer particles and three
different inertia particles with Stokes numbers of 1, 10 and 100. The Eulerian temporal
scales, decreasingwith the velocity of advection from thewall to the channel central plane,
are smaller than the Lagrangian ones. The Lagrangian temporal scales of inertia particles
increase with the particle Stokes number. The Lagrangian temporal scales of the fluid
phase ‘seen’ by inertia particles are separate from those of the fluid phase, where inertia
particles travel in turbulent vortices, due to the particle inertia and particle trajectory
crossing effects. The effects of the Reynolds number on the integral temporal scales are
also discussed. The results are worthy of use in examining and developing engineering
prediction models of particle dispersion.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Particle dispersion is one of themost important issues in two-phase turbulent flows. For the Lagrangian integral temporal
scale TLf, a tracer particle’s dispersion can be approximately estimated through ⟨Y 2f ⟩ ∝ TLft in the long term, and accordingly
⟨Y 2fp⟩ ∝ TLpt for an inertia particle provided with the integral Lagrangian temporal scale TLp. Therefore, temporal scales are
very fundamental parameters for modeling particle dispersion.
Many researchers have obtained the temporal scales involved in particle dispersion over the years. Apart from the
reports [1–3], very few experimental studies have been performed on the statistical temporal scales, because of difficulties
in tracking the irregular trajectories of marked particles in the laboratory. The relationship of temporal scales in very large
Reynolds number turbulence has been revealed theoretically in [4–6] and so on, since a deductive Lagrangian renormalized
approximation can be used in isotropic turbulence. Numerical analysis has also been employed to examine the Lagrangian
statistics in a homogeneous isotropic turbulence [7,8], and in homogeneous turbulent shear flows, as was done in [9].
Recently, Lagrangian and Eulerian temporal scales of tracer particles inwall-bounded flows have been examined. Bernard
et al. [10], Wang et al. [11], as well as Choi et al. [12] and Luo and co-workers [13,14], have numerically analyzed Lagrangian
statistics in a turbulent channel flow. They have discussed the behavior of the Lagrangian integral temporal scales near
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the walls and analyzed their relationship to Eulerian statistics. However, these investigations were performed focusing
on the temporal scales for tracer particle dispersion. Little knowledge has been obtained on the temporal scales in inertia
particle dispersion, which are influenced by the particle Stokes number. Furthermore, the effects of the Reynolds number
on temporal scales are yet to be investigated.
Several models have been proposed for predicting the inertia particle dispersion in isotropic turbulence and in turbulent
shear flows, by, for example, Oesterlé and Zaichik [15], Reynolds [16], Kallio and Reeks [17], Underwood [18], Sawford and
Guest [19] and so on. Oesterlé and co-workers [20–22] developed a model for predicting the anisotropic dispersion of small
particles. In the above models, the temporal scales of inertia particles are approximately estimated from the known fluid
phase velocities. Therefore, it is necessary to analyze the temporal scales for examination and development of the prediction
model for inertia particle dispersion.
In this paper, the statistical temporal scales involved in the inertia particle dispersion are numerically analyzed. For this
purpose, the large eddy simulation numericalmethod,which solves a filteredNavier–Stokes equation, is utilized to calculate
fully developed turbulent channel flows first. Fluid tracer and inertia particles released into the flow fields are tracked by the
Lagrangian trajectory method to obtain the velocity correlation functions. For the tracer particles, the Lagrangian velocity
is in fact an interpolation of the Eulerian velocity, while for the inertia particles, the trajectory model is used to calculate
the velocity along the particle path. The two-phase statistical temporal scales are calculated on the basis of the velocity
correlation functions. The effects of the Reynolds number on the temporal scales in statistics are discussed carefully. The
Stokes number of the inertia particles is specified as 1, 10 and 100 through changing the particle diameter.
2. The numerical method used for investigating discrete inertia particle motion
The inertia particles are tracked using the Lagrangian trajectory model. Therefore, in a fully developed turbulent channel
flow, if the pressure gradient force, the Saffman lift force, the added mass force and so on are neglected, the governing
equations for large density inertia particles are reduced as follows:
mp
dVp
dt
= fD, (1)
dXp
dt
= Vp, (2)
wheremp is the particle mass and fD is the drag force vector, given by
fD = 12ρfCDA|uf@p − Vp|(uf@p − Vp), (3)
where uf@p is the fluid velocity vector seen by a particle, which is computed by means of large eddy simulation of the flow
of the continuous phase, shown below; Vp is the particle velocity vector; A is the projected area of a particle and CD is the
drag coefficient with a non-linear correction:
CD = 24Rep (1+ 0.15Re
0.678
p ), (4)
where Rep is the particle Reynolds number, Rep = dp|uf@p−Vp|/v (dp is the particle diameter and v is the fluid viscosity). The
subscripts f and p are reserved for identifying properties associated with the fluid and inertia particles. Gravity is neglected
in the present simulation.
The velocity vector seen by a particle, uf@p in Eq. (3), is obtained using the fourth-order Lagrangian interpolationmethod.
The particle velocity equation and position equation are integrated using a third-order Adams–Bashforth scheme.
3. The numerical method used for investigating the flow of the continuous phase
The continuous phase of the fully developed two-phase turbulent channel flow is simulated by the large eddy simulation
method in the Eulerian frame. Applying a box-filter function, the governing equations are written as follows:
∂ u¯i
∂xi
= 0, (5)
∂ u¯i
∂t
+ ∂
∂xj
(u¯iu¯j) = − ∂ p¯
∂xi
+ 1
Reτ
∂2u¯i
∂xj∂xj
− ∂τij
∂xj
+ δi1, (6)
where ui is the fluid velocity, p is the pressure, δij is the Kronecker delta, and i = 1, 2, 3 refer to the streamwise (x),
wall-normal (y) and spanwise (z) directions, respectively (the usual summation notation applies and an overbar, ·¯, denotes
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Table 1
Calculation parameters for the gas phase.
Reynolds number Reynolds number Calculation domain Grid number Spatial resolution
Rec Reτ
3500 180
XL = 2πδ 64 1x+ ≃ 18
YL = 2δ 48 1y+ ≃ 0.5–17
ZL = 4/3πδ 64 1z+ ≃ 8
18,800 640
XL = 2πδ 64 1x+ ≃ 18
YL = 2δ 64 1y+ ≃ 1.0–40
ZL = 4/3πδ 64 1z+ ≃ 8
application of the filtering operation). All variables are non-dimensionalized by the friction velocity uτ and the channel half-
width δ. The Reynolds number based on the friction velocity and the channel half-width is Reτ = uτ δ/v. τij = uiuj − u¯iu¯j in
Eq. (6) is the sub-grid scale stress, modeled as follows:
τij = −2vT S¯ij + 1/3δijτkk, (7)
where the eddy viscosity is
vT = (Cs∆s)2|S¯|, (8)
The strain rate tensor is defined as
S¯ij = 12

∂ u¯i
∂xj
+ ∂ u¯j
∂xi

and |S¯| =

2S¯ijS¯ij is the magnitude of S¯ij.
In Eq. (8), Cs is the model constant, taken as 0.1 in the present simulation.∆s is the filter scale:∆s = (1x1y1z)1/3.
The spatial derivatives are approximated by a second-order-accurate central finite difference scheme on staggered grids.
The non-linear terms are discretized explicitly, while an implicit Crank–Nicolson scheme is used on the linear terms. A third-
order Runge–Kutta method is applied for the time integration. Eqs. (5) and (6) are solved numerically using the fractional
stepmethod as described by in [23]. Periodicities permit the use of Fourier series expansions in the streamwise and spanwise
directions. Therefore, the Poisson equation for pressure is solved using Fourier series expansions togetherwith a tri-diagonal
matrix inversion in the wall-normal direction.
Besides the Eulerian calculation of the turbulent flow, a Lagrangian calculation for the fluid tracer particles is also
performed to obtain the Lagrangian statistics of the continuous phase. Therefore, for a fluid tracer particle, the Lagrangian
velocity Vtpi is the Eulerian velocity at its position:
Vtpi(X0, t) = ufi[Xtpi(X0, t), t], (9)
and the displacement is obtained by solving
dXtpi
dt
= Vtpi(X0, t), (10)
where X0 is the fluid tracer particle position at the time t = 0, as the initial condition; and Vtpi(X0, t) and Xtpi are
tracer particle velocity components and positions in three directions. The ufi are obtained by a fourth-order Lagrangian
interpolation [24–26]. Particle positions are advanced using the third-order Adams–Bashforth method.
4. Numerical conditions and validations
Two simulations, with Reynolds numbers of 180 and 640, were performed in this paper. The calculation conditions for
gas phase turbulent flows are listed in Table 1. Periodic boundary conditions are applied in both the spanwise and the
streamwise directions. No-slip boundary conditions on the velocity at the channel walls are applied.
The calculation domain is 2πδ× 2δ× 43πδ with 64× 48× 64 grid nodes in the x, y and z directions, respectively, for the
case Reτ = 180. In the streamwise and spanwise directions, uniform grids are used. The spatial resolutions in the wall units
are1x+ ≃ 18 and1z+ ≃ 8. In the wall-normal y direction, the grid spacing is non-uniform, with the grid points clustered
near the walls via a tanh function. Therefore, the spatial resolution varies between 1y+ ≃ 0.5 and 1y+ ≃ 17 wall units
from the first grid point close to the wall to the channel central plane. For the case Reτ = 640, the same calculation domain
is applied with 64× 64× 64 grid nodes. The spatial resolution in the wall-normal direction varies from1y+ ≃ 1.0 at the
first grid point near the wall to1y+ ≃ 40 at the grid point located in the channel central plane.
Three different kinds of particles, with Stokes numbers 1, 10 and 100, are released and tracked in the flow fields. The
density of the particle is specified as 2000 kg/m3, and the diameter range is as listed in Table 2.
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Table 2
Calculation parameters for particles.
Case Reτ = 180 Case Reτ = 640
Particle type Tracer Inertia Tracer Inertia
Number of particles 49,152 49,152 65,536 65,536
dp/δ – 5.2× 10−4 1.6× 10−3 5.2× 10−3 – 1.4× 10−4 4.5× 10−4 1.4× 10−3
Stc = τrp/Tc – 1.0 10.0 100.0 – 1.0 10.0 100.0
St+ = τrp/τ+ – ∼7.8 ∼78 ∼780 – ∼22 ∼220 ∼2,200
The particle relaxation time is defined as
τrp = ρpd2p/(18µ). (11)
Therefore, the particle Stokes number based on the large eddy turnover temporal scale Tc = δ/Ub (Ub is the bulk velocity) is
Stc = τrp/Tc, and that based on the inner temporal scale (viscous temporal scale) τ+ = v/u2τ is then St+ = τrp/τ+. Particle
inter-collisions are also neglected because of the low particle concentration in the simulation. Particles may happen to fully
elastically collide with the channel walls.
The Lagrangian statistics for the continuous phase and the discrete phase are obtained by releasing 1024 fluid tracer and
inertia particles, respectively, in each x–z plane specified when the flow is fully developed. For unbiased universal statistics,
the averaging is carried out not only over an ensemble of independent particle trajectories but also over an ensemble of
independent turbulence realizations [12–14]. The inertia particles are tracked for longer than the fluid tracer particles. In
the present study, the 50 independent sets of particles are newly released every t+(= tu2τ/v) = 240 for tracer particles and
every t+ = 1000 for inertia particles. This is sufficient for avoiding a biased statistics. Each fluid tracer particle is tracked
up to t+ = 400 and each inertia particle is tracked up to t+ = 1200, which is long enough for a careful investigation of
long-term variation.
The numerical methods are verified and validated through comparing the calculated results with those obtained from
direct numerical simulation (DNS) results andwith the experimental measurement data [27]. The results for statistical two-
phase velocities are in good agreement with the previously available data. The present numerical method and the statistical
method are appropriate for studying the temporal scales of the particle phase.
Fig. 1 shows the statistical gas phase velocities. For the case Reτ = 180, the log layer is shorter than that for Reτ = 640.
Furthermore, the Reτ = 180 profile does not agree with the higher Reynolds number case beyond y+ = 10. This is one
of the low Reynolds number effects, and has been previously noted in experimental measurements of channel flows. The
r.m.s. velocity profiles are plotted in wall units in Fig. 1(b) for the two Reynolds number cases. They are sensitive to the
Reynolds number. The peak value of u′ varies from 2.62 for Reτ = 180 to 3.18 for Reτ = 640. The streamwise component
has the largest level of fluctuation while the wall-normal component has the lowest. In the channel central plane, the levels
of fluctuation of the wall-normal and spanwise components are the same.
5. Numerical analysis of statistical temporal scales
The integral temporal scales are obtained according to themethod established byMito and Hanratty [28]. In this method
the integral temporal scales are determined as the values at which correlations decay to 1/e = 0.368, assuming that the
form of the correlations is exponential.
The tracer particle’s Lagrangian andEulerian temporal scales inwall units are shown in Fig. 2. The temporal scale increases
non-monotonically from thewall to the channel central plane. The streamwise component of the Lagrangian temporal scale
has the largest value, varying from 20 to 62, reaching its maximum value at y+ = 115. It is shown that the largest value does
not occur at the channel central plane. The wall-normal component has the smallest value, with a zero at the wall, while
the other two components have non-zero values at the wall.
The Eulerian temporal scales decrease from thewall to the channel central plane. At y+ = 10, the streamwise component
reaches itsmaximumvalues. Thewall-normal component is not always the smallest in thewhole channel. There is a crossing
point at y+ = 10 between T+E3, the spanwise component, and T+E2, the wall-normal component. The diagonal averaged
temporal scales are obtained by calculating the mean values of three components. It is observed that the diagonal averaged
value is between the value for the streamwise component and that for the other two components.
The temporal scales of the inertia particle with St = 1 in the wall units are shown in Fig. 3(a) and those of the fluid
phase seen by inertia particles are shown in Fig. 3(b). It is shown that the wall-normal component approaches the spanwise
component close to the channel central region. Although the variation of the inertia particle temporal scales is very similar
to those for the inertia-free particles, there is an apparent difference between the fluid phase seen by particles and the fluid
phase.
The inertia particle’s temporal scales are dependent on the Reynolds number. It is found that the particle temporal scales
in the flow with Reτ = 640 are longer than those in the flow with Reτ = 180, through a comparison of Figs. 3 and 4. The
particle temporal scale components are closer to each other in the near-wall regions, compared with those in low Reynolds
number flow. As shown in Fig. 4, both the particle temporal scales and those of the fluid seen by particles are longest in the
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a
b
Fig. 1. Statistical gas phase velocities for different Reynolds numbers. (a) The mean velocities. (b) The r.m.s. velocities.
a b
Fig. 2. Tracer particle temporal scales. (a) The Lagrangian temporal scale. (b) The Eulerian temporal scale.
streamwise direction,which indicates that particles havehigher dispersion in that direction. Thediagonal averaged temporal
scales of the discrete phase lie between that of the streamwise component and those of the other two components.
The statistical Lagrangian temporal scales of particles with Stokes number 10 are shown in Fig. 5 for the case Reτ = 180
and in Fig. 6 for the case Reτ = 640. Compared with those in Figs. 3 and 4, respectively, all three components of the particle
statistical temporal scales are longer. The streamwise component temporal scale is the longest one and the wall-normal one
is the shortest one.
The particle Lagrangian statistics are very sensitive to the particle inertia. It is found that the temporal scales increase
with the particle Stokes number. The inertia particle dispersion is determined by both the self-inertia and the turbulent
vortex transport. Due to the separation of inertia particles from the fluid eddy, most inertia particles tend to travel in the
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a b
Fig. 3. Inertia particle temporal scales for St = 1, Reτ = 180. (a) The Lagrangian temporal scale of the particles. (b) The Lagrangian temporal scale of the
fluid seen by the particles.
a b
Fig. 4. Inertia particle temporal scales for St = 1, Reτ = 640. (a) The Lagrangian temporal scale of the particles. (b) The Lagrangian temporal scale of the
fluid seen by the particles.
preferential regions, which are the edges of large scale turbulent vortex structures. The inertia particle dispersion is greater
over a long duration.
With increase of the particle size, for example in the present simulation with particle Stokes number 100, the effects of
inertia become stronger. It is implied that the particle dispersions are dominated mostly by self-inertia. The preferential
distribution of these particles disappears and particles tend to disperse uniformly in turbulence. This effect is found in
Fig. 7(b), where the three components of the temporal scales are very close to each other in the homogeneous turbulence
regions. As the flow Reynolds number increases, these effects then become stronger. Therefore, the temporal scales for
higher Reynolds number are at the same level, as shown in Fig. 8(b).
Furthermore, the Reynolds number effects on the particle phase temporal scales are also stronger. Comparing Fig. 7
with Fig. 8, for higher Reynolds number flow, we see that the variation of the inertia particle temporal scales with the wall
distance is similar to that for the tracer particle, showing that the inertia particle dispersions in three directions are similar
to those of tracer particles, especially close to the channel central regions, while for lower Reynolds number, the dispersion
temporal scales in the spanwise direction are the longest and do not vary a lot away from thewall, corresponding to a higher
dispersion. Additionally, in the channel central regions, the dispersions in the three directions are still distinctly different for
the Reτ = 180 case, whereas for the Reτ = 640 case, the dispersion is uniform in the three directions, as shown in Fig. 8(a):
the Lagrangian statistical temporal scales are almost identical in the three directions.
Fig. 9 shows the ratios between the Lagrangian temporal scales of inertia particles with particle Stokes number 100 and
those of the fluid phase. It is observed that the inertia particle Lagrangian temporal scales are different from the tracer
particle integral temporal scales because of the particle inertia and the trajectory crossing effects. For the low Reynolds
number flow, the ratios between the temporal scales of the fluid phase seen by inertia particles and the tracer phase are close
to unity from the wall to the channel central plane. However, as the Reynolds number increases, the ratios separate from
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a b
Fig. 5. Inertia particle temporal scales for St = 10, Reτ = 180. (a) The Lagrangian temporal scale of the particles. (b) The Lagrangian temporal scale of the
fluid seen by the particles.
a b
Fig. 6. Inertia particle temporal scales for St = 10, Reτ = 640. (a) The Lagrangian temporal scale of the particles. (b) The Lagrangian temporal scale of the
fluid seen by the particles.
a b
Fig. 7. Inertia particle temporal scales for St = 100, Reτ = 180. (a) The Lagrangian temporal scale of the particles. (b) The Lagrangian temporal scale of
the fluid seen by the particles.
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a b
Fig. 8. Inertia particle temporal scales for St = 100, Reτ = 640. (a) The Lagrangian temporal scale of the particles. (b) The Lagrangian temporal scale of
the fluid seen by the particles.
ba
Fig. 9. Ratio of Lagrangian temporal scales for inertia particle 100. (a) Reτ = 180. (b) Reτ = 640.
unity. This indicates that the trajectory crossing effects are stronger. The fluid phase turbulence seen by large inertia particles
is homogeneous and the particle dispersion in these directions is uniform in the turbulence. Therefore, the differences
between the fluid phase temporal scales and that of the fluid phase seen by inertia particles are more apparent.
The ratios of the diagonal averaged Lagrangian and Eulerian temporal scales are shown in Fig. 10. The Eulerian temporal
scales are close to the Lagrangian integral temporal scales in the near-wall regions. The Eulerian temporal scales are
influenced by the advection velocity in the streamwise direction. Close to the wall, Um is low and therefore the temporal
scales are longer. Close to the channel central plane, the effect of advection on the Eulerian temporal scale is stronger,
especially for higher Reynolds number flow. Therefore, the ratios are enhanced accordingly.
The comparison of statistical integral temporal scales for the case loaded with inertia particles with St = 10 is shown
in Fig. 11. For the median inertia particles, the preferential dispersion is the strongest. Therefore the diagonal averaged
temporal scales of the fluid seen by the particles are always smaller than those of inertia particles from the wall to the
channel central plane. Both the influence of particle inertia and the trajectory crossing effects separate the inertia particles
from the tracer particles.
6. Conclusions
The statistical integral temporal scales involved in the particle dispersion in particle-laden fully developed turbulent
channel flows are numerically analyzed. The large eddy simulation method coupled with a particle Lagrangian trajectory
model are employed to simulate the two-phase flows with different inertia particles, with friction Reynolds numbers 180
and 640.
The effects of particle inertia are analyzed to reveal the underlying relationship among the Lagrangian temporal scales
of inertia particles, those of fluid tracer particles and those of the fluid phase seen by the inertia particles. The particle
Lagrangian statistics are very sensitive to the particle inertia, increasing with the particle Stokes number. As the Reynolds
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Fig. 10. Ratios of Lagrangian temporal scales to Eulerian temporal scales.
Fig. 11. Comparison of statistical integral temporal scales for the case loaded with inertia particles with St = 10.
number increases, the trajectory crossing effects become stronger. Therefore, the inertia particle Lagrangian temporal scales
become more different from the tracer particle integral temporal scales. The Eulerian temporal scales of the fluid phase
influenced by the advection velocity decrease from thewall to the channel central plane, while the Lagrangian ones increase
and are longer than the former. The difference in integral temporal scale between the particle phase and the fluid phase
presents a good reflection of the characteristics of inertia particle dispersion in turbulence, i.e., the median inertia particles
have the highest preferential dispersion, whereas the largest inertia particles have uniform dispersion due to very strong
trajectory crossing effects. The present conclusions are of importance in guiding the building and development of more
accurate engineering prediction models for particle dispersion in two-phase turbulent flows.
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